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Abstract: We study the differential decay rate for the rare decay Λb → Λ(1520)(→
NK¯)`+`− where ` is a light lepton and NK¯ = pK−, nK¯0, as this decay mode can provide
new and complementary constraints on the Wilson coefficients in b → s`+`− transitions
compared to other modes. We provide a determination of the complete angular distribution,
assuming unpolarised Λb baryons and neglecting the lepton mass. The resulting angular
observables are expressed in terms of helicity amplitudes involving hadronic form factors
within the Standard Model and New Physics models with chirality-flipped operators. We
study these observables at low and large Λ recoils, using effective theories to determine
relations among the hadronic form factors involved. As there is currently no determination
of the form factors available from lattice simulations or light-cone sum rules, we perform a
first illustration of the sensitivity of some observables to New Physics contributions using
hadronic inputs from quark models.
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1 Introduction
The flavour-changing neutral current transition b→ s`+`− has raised considerable interest
over the last years in connection with searches for physics beyond the Standard Mode
(SM). Indeed, this transition is CKM and loop suppressed in the SM and therefore very
sensitive to New Physics (NP). Many processes involving b → sµ+µ− at the quark level
have been measured by several experiments, showing a series of deviations from the SM
in the branching ratios for B → Kµ+µ− [1], B → K∗µ+µ− [1–3], Bs → φµ+µ− [4] as
well as for the optimised angular observables [5, 6] in B → K∗µ+µ− [7–11]. Moreover, the
comparison of b→ sµ+µ− and b→ se+e− through the measurements of RK [12], RK∗ [13]
and B → K∗`+`− angular observables [14, 15] for several values of the dilepton invariant
mass hint at a violation of lepton flavour universality (LFU).
These deviations can be explained in a consistent way within a model-independent
effective approach: it requires NP contributions to the short-distance Wilson coefficients
associated with a limited set of operators describing b → sµ+µ− transitions. A recent
combined analysis of these observables [16] indeed singles out some NP scenarios preferred
over the SM with a significance at the 5σ level 1. The significance for these NP scenarios
considering the LFU-violating observables RK and RK∗ but excluding b→ sµ+µ− observ-
ables is at the 3-4σ level [21–27]. The corresponding violation of LFU between muons and
electrons is indeed significant, around 25% of the SM value for the semileptonic operator
O9µ, with several scenarios showing an equivalent ability to explain the observed deviations.
In this context, it is particularly interesting to confirm and constrain further the sce-
narios of New Physics in b→ s`+`− transitions. On the experimental side, one can increase
the size of the data sample (as currently done by LHCb, CMS and ATLAS), add new ob-
servables and exploit different experimental environments (soon provided by Belle II) [28].
On the theory side, one can improve the determination of hadronic contributions to these
decays, i.e. (local) form factors and (non-local) charm-loop contributions [29]. It is also
interesting to consider other hadronic decays corresponding to the same quark-level transi-
tion. Indeed LHCb provides information on decays not only of mesons but also of baryons
containing a quark b. The theoretical analysis of these decays does not stand at the same
level as for meson decays (in particular for the determination of the form factors and the
estimation of charm-loop contributions) but it can provide interesting cross checks of the
deviations already observed.
For instance, the Λb → Λ(1116)(→ Npi)µ+µ− has been investigated theoretically in
Refs. [30–35] and measured by the LHCb collaboration in Refs. [36, 37] for both the differ-
ential decay rate and the angular observables. There seems to be a trend for the branching
ratio to be lower than the SM expectations at large-Λ recoil and larger at low-Λ recoil
(although compatible within errors), whereas the measured angular asymmetries at low-Λ
recoil did not indicate any deviation from the SM expectations. A study [38] based on
the branching ratio data at low-Λ recoil using Bayesian statistics and lattice inputs for
the Λb → Λ(1116) form factors [39] favoured positive shifts in C9 (with an opposite sign
1This confirms the scenarios already highlighted in earlier analyses, mainly restricted to b → sµ+µ−
processes [17–20].
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with respect to the global fits mentioned earlier), but the exploitation of only a subset of
the available data, the large experimental uncertainties and the lack of knowledge about
non-local contributions for this decay make the interpretation of this result delicate.
It is thus worth testing the b → s`+`− transition further in the baryon sector. Inter-
estingly, the LHCb search for pentaquarks states in Λb → pK−J/ψ provides information
on Λb → Λ(→ pK−)`+`− for a dilepton invariant mass q2 around the J/ψ mass, where
Λ is any intermediate baryon with the appropriate quantum numbers. As indicated in
Fig. 3 of Ref. [40], the dominant contribution comes from Λ(1520) (JP = 3/2−). For a
Kp invariant mass around 1.5 GeV, there is a contamination coming from two other states,
Λ(1405) (with a mass below the NK¯ threshold, but sufficiently wide to provide a contribu-
tion to this decay) and Λ(1600). Following the LHCb analysis, these two states contribute
at similar levels and they might be discriminated from Λ(1520) thanks to their different
spin and parity (JP = 1/2± rather than 3/2−) – for instance, this could be implemented
through an angular analysis, although this demanding approach would require a significant
number of events. This dominance of Λ(1520) for a Kp invariant mass around 1.5 GeV,
which has been observed for q2 = m2J/ψ, may hold for other values of the dilepton invariant
mass. For instance, the Λb → pK−γ decay has been investigated to determine its potential
in determining the polarisation of the photon in the b → sγ transition using polarised Λb
baryons [41, 42]. These studies involve models for the pK− invariant mass spectrum where
Λ(1520) is again prominent, but this time for q2 = 0 (see Fig. 1 in Ref. [41]). One may
thus hope that for a large range dilepton invariant mass q2, the contribution from Λ(1520)
remains large and could be extracted from the signal observed in Λb → pK−µ+µ− [43], so
that the decay Λb → Λ(1520) (→ NK)`+`− should be accessible and could be studied in
detail at LHCb, both for the branching ratio and for the angular observables.
Compared to Λ(1116), a decay involving Λ(1520) (from now on denoted as Λ∗) feature
two differences already discussed: the spin of the intermediate Λ∗ state is higher (JP = 3/2−
rather than 1/2+) and it decays into pK− under the strong interaction (rather than into
ppi under the weak interaction). Obviously the same issues exist in both cases concerning
the uncertainties on hadronic contributions [44]: preliminary lattice determinations of the
form factors have been presented in Ref. [45] and the question of non-local contributions
could be understood based on data-driven methods similar to Refs. [29, 46], involving light-
cone sum rules similar to Refs. [47–50] It is thus already interesting to discuss the general
structure of this decay and the observables that can be obtained, even before these issues
are completely resolved.
The article is organised in the following way. We discuss the effective Hamiltonian for
b→ s`+`− transitions and the kinematics of Λb → Λ∗(→ NK¯)`+`− with NK¯ = pK−, nK¯0
in Sec. 2. We consider different hadronic inputs for this transition in Sec. 3, namely the
Λb → Λ∗ form factors and the description of the Λ∗ → NK¯ decay. We compute the helicity
amplitudes and the angular observables and discuss phenomenology aspects of this decay
in Sec. 4, before drawing a few conclusions in Sec. 5. Technical considerations concerning
the kinematics and the free solutions in several rest frames as well as cross checks of our
results with earlier work are collected in appendices.
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2 General framework
2.1 Effective Hamiltonian
It is possible to analyse b → s`+`− decays using a model-independent approach, namely
the effective Hamiltonian [51, 52] where heavy degrees of freedom have been integrated out
in short-distance Wilson coefficients Ci, leaving only a set of operators Oi describing the
physics on long distances
Heff = −4GF√
2
VtbV
∗
ts
∑
i
CiOi, (2.1)
(up to small corrections proportional to VubV ∗us in the SM). The factorisation scale for the
Wilson coefficients is chosen to be µb = 4.8 GeV. We focus our attention on the operators
O7 = e
16pi2
mb(s¯σµνPRb)F
µν , O7′ = e
16pi2
mb(s¯σµνPLb)F
µν ,
O9` = e
2
16pi2
(s¯γµPLb)(¯`γ
µ`), O9′` = e
2
16pi2
(s¯γµPRb)(¯`γ
µ`),
O10` = e
2
16pi2
(s¯γµPLb)(¯`γ
µγ5`), O10′` =
e2
16pi2
(s¯γµPRb)(¯`γ
µγ5`), (2.2)
where PL,R = (1 ∓ γ5)/2 and mb ≡ mb(µb) denotes the running b quark mass in the
MS scheme. In the SM, three operators play a leading role in the discussion, namely the
electromagnetic operator O7 and the semileptonic operators O9` and O10`, differing with
respect to the chirality of the emitted charged leptons. NP contributions could either
modify the value of the short-distance Wilson coefficients C7,9,10, or make other operators
contribute in a significant manner, such as the chirality-flipped operators O7′,9′,10′ defined
above, or other operators (scalar, pseudoscalar, tensor). We will focus on the effect of SM
operators and their chirality-flipped counterparts, although we will discuss the impact of
the other SM operators (four-quark operators O1−6 and O8g) briefly in Sec. 4.
2.2 Kinematics
We consider the decay chain with the corresponding momenta for the various particles and
their spin projections along the z-axis of the rest frame of the decaying particle
Λb(p, sΛb) → Λ∗(k, sΛ∗)`+(q1)`−(q2), (2.3)
Λ∗(k, sΛ∗) → N(k1, sN )K(k2) (NK¯ = pK−, nK¯0), (2.4)
where we denote Λ∗(1520) as Λ∗ and we have
qµ = qµ1 + q
µ
2 , k
µ = kµ1 + k
µ
2 , p
µ = qµ + kµ. (2.5)
We can introduce the same kinematics as for semileptonic four-body B-meson decays, lead-
ing to four independent variables chosen as the dilepton invariant mass q2, the angles θΛ∗
and θ` with respect to the z axis and the angle between the hadronic and leptonic planes
φ, following the same conventions as for Λb → Λ(→ Npi)`+`− [31, 35–37] recalled in Fig. 1.
– 4 –
 
φ
θΛ
Λb
l-
l+
Λ*
 2l-RF
pK-RF 
p
K
θl
Figure 1. Kinematics of the four-body Λb → Λ∗(→ NK¯)`+`− decay. The angles are defined in
the corresponding rest frames, indicated in colours.
The CP-conjugate mode can also be described using the same formalism, where an ap-
propriate redefinition of the angle ensures that the angular observables will have the same
form, up to the complex conjugation of the weak phases [35, 53].
The differential decay rate can be written
dΓ =
|M|2
2mΛb
dΦ4(p; k1, k2, q1, q2), (2.6)
where the phase space
dΦn(P ; p1, . . . , pn) = (2pi)
4 δ(4)(P −
∑
i
pi)
∏
i
d3pi
(2pi)32Ei
, (2.7)
can be decomposed iteratively as [54]∫
dΦ4
|M|2
2mΛb
=
∫
dq2
2pi
dk2
2pi
dΦ2(k; k1, k2)dΦ2(q; q1, q2)dΦ2(p; q, k)
|M|2
2mΛb
, (2.8)
with the two-body phase space of the form∫
dΦ2(k; k1, k2)X(k; k1, k2) =
∫
dΩk
4pi
1
8pi
√
λ(k2, k21, k
2
2)
k2
X(k; k1, k2), (2.9)
with dΩk the element of integration of the the solid angle for k and the Källén function is
λ(k2, k21, k
2
1) = k
4 + k41 + k
4
2 − 2k2k21 − 2k2k22 − 2k21k22. (2.10)
The re-expression of the two-body phase space differential elements yields∫
dΦ4
|M|2
2mΛb
=
1
(2pi)2(8pi)4
∫
dk2 (βΛbβNK¯β`) (dq
2 d cos θ` d cos θΛ∗ dφ)
|M|2
2mΛb
, (2.11)
with
βΛb =
√
λ(m2Λb , k
2, q2)
m2Λb
, βNK¯ =
√
λ(k2,m2N ,m
2
K¯
)
k2
, β` =
√
1− 4m
2
`
q2
. (2.12)
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2.3 Helicity amplitudes
It is well known that such a decay chain is best analysed by performing a decomposition
according to helicity amplitudes, as discussed in Ref. [55] and illustrated for b → s`+`−
decays in Ref. [53]. In particular, it proves very useful to introduce a vector basis which
can be seen as the polarisation of an intermediate virtual boson decaying into the dilepton
pair 2, defined in the dilepton rest frame as
εµ(0) =

0
0
0
1
 , εµ(+) = 1√2

0
−1
−i
0
 , εµ(−) = 1√2

0
1
−i
0
 , εµ(t) =

1
0
0
0
 . (2.13)
in agreement with Ref. [55]. Boosts can be used to define this basis in other reference
frames. We can also easily define the scalar and time-like vectors in a general way as
εµ(0) =
eµ√|e2| , εµ(t) = q
µ√
q2
, eµ = pµ + kµ − q
µ
q2
(m2Λb −m2Λ∗), (2.14)
with e2 = −λ(m2Λb ,m2Λ∗ , q2)/q2.
We have the completeness and orthogonality relations for λ, λ′ = t, 0,+,−
ε∗µ(λ)εµ(λ′) = gλλ′ ,
∑
λ,λ′=t,0,+,−
ε∗µ(λ)εν(λ′)gλλ′ = gµν , (2.15)
where g is defined as diagonal in the polarisation space, with gtt = −g00 = −g++ = −g−− =
1. Assuming factorisation between the hadronic and the leptonic parts, and focusing on
operators with a single Lorentz index, we have for the Λ→ Λ∗`+`− part of this decay chain
〈Λ∗`+`−|OHµ OL;µ|Λb〉 =〈Λ∗|OHµ |Λb〉gµν〈`+`−|OLν |0〉
=
∑
λ=t,0,+,−
(ε∗µ(λ)〈Λ∗|OHµ |Λb〉)(εν(λ)〈`+`−|OLν |0〉)
=
∑
λ=t,0,+,−
∑
i
f iλ (u¯
α
Λ∗ε
∗µ(λ)ΓHiµαuΛb) (u¯`−ε
ν(λ)ΓLν v`−),
(2.16)
which defines the hadronic and leptonic helicity amplitudes of interest, where we express
the results in terms of the solutions for free fermions u and v (see App. A for explicit
expressions) and the helicity form factors f iλ to be defined in more detail in section 3.
2.4 Propagation and decay of Λ∗
Once Λ → Λ∗`+`− has been described, we still have to include the propagation and the
decay of the Λ∗ baryon, which has the quantum numbers JP = 3/2−. This is usually
done in the Rarita-Schwinger framework [56], with a field ψαa combining a spinor index a
2This interpretation is discussed in detail in Ref. [53], where it is shown to be valid in full generality in
the absence of tensor operators in the effective Hamiltonian.
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and a vector index α (in the following, the spinor index a will often be kept implicit for
simplicity). The corresponding free Lagrangian reads
L = ψ¯µ i
2
{σµν , (i/∂ −mΛ∗)}ψν . (2.17)
The solutions uαa (k, sΛ∗) obey then the following properties:
/kuα = mΛ∗u
α, γαu
α = 0, kαu
α = 0. (2.18)
Following Ref. [57], one can determine the explicit solutions for sΛ∗ = −3/2,−1/2, 1/2, 3/2
as
uαa (k, sΛ∗) =
∑
λ=−1,0,1
∑
r=−1/2,1/2
δλ+r,sΛ∗
〈
1, λ;
1
2
, r
∣∣∣∣1, 12 , 32 , sΛ∗
〉
εαλ(k)u
r
a(k), (2.19)
and a similar construction can be found for the anti-fermion solutions. This is used in
App. A to determine the appropriate solutions of the Λ∗ equation of motion in both Λb and
Λ∗ rest frames.
The free propagator derived from Eq. (2.17) reads
Gµν =
i(/k +mΛ∗)∆
µν
k2 −m2Λ∗
, ∆µν = gµνId− 1
3
γµγν − 2k
µkν
3m2Λ∗
− γ
µkν − γνkµ
3mΛ∗
, (2.20)
where Id denotes the identity matrix in the Dirac matrix space. We checked that the
summation formula expected from general unitarity arguments (see for instance Ref. [58])
3/2∑
sΛ∗=−3/2
uµa(k, sΛ∗)u¯
ν
b (k, sΛ∗) = −(/k +mΛ∗)∆µνab , (2.21)
is indeed satisfied by the solution Eq. (2.19) given in App. A.
One should note that the tensor ∆µν involved in the propagator is not the projector
on the spin-3/2 component given by
Pµν = gµν − 1
3
γµγν − 1
3m2Λ∗
(/kγµkν + kµγν/k). (2.22)
By construction, a field of the form ψαa contains both spin-1/2 and spin-3/2 components:
only 4 components of the 16-component field ψαa are actually needed to describe the spin-
3/2 part. Even though the Rarita-Schwinger construction aims at describing a spin-3/2
object only, it turns out that one cannot modify the kernel in Eq. (2.17) to keep only on the
spin-3/2 component of the field, as the projected kernel cannot be inverted [59]. Attempts
to enforce the projection at the level of the propagator led to theories with unwanted
properties, such as spurious poles affecting higher orders in perturbation theory [60–62].
In practice, the quantisation must be performed with the whole field ψαa , in the presence
of constraints that will ensure that only the spin-3/2 component of the field is actually
physical [63].
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The problem is even made more acute in the case of an interacting spin-3/2 theory, as
the interaction term should be compatible with the quantisation of the theory. This led to
a significant amount of debate concerning the description of the piN∆ interaction at low
energies, which can be used as a template to describe the KNΛ∗ interaction (the quantum
numbers are the same, apart from the opposite parity of the ∆ and Λ∗ fermions). A first
type of effective interaction at low energies was proposed (here translated to the KNΛ∗
case) [64]
L1 = gmΛ∗ψ¯µ(gµν + aγµγν)γ5Ψ∂νφ+ h.c., (2.23)
where Ψ denotes the spin-1/2 N field and φ the spin-0 K field (coming with a derivative
due to the pseudo-Goldstone nature of the kaon), and a is an off-shell parameter that is
relevant only for loop computations.
As discussed in Ref. [63], this interaction is simple, but once used to build an interacting
theory, it involves not only the physical spin-3/2 components of the Rarita-Schwinger field
ψµ, but also unphysical spin-1/2 components, leading to problems of causality and to a
significant contribution from spin-1/2 background underneath the Λ∗ (or ∆) resonance. In
Ref. [63], an alternative interaction has been proposed
L2 = gεµναβ(∂µψ¯ν)γαΨ∂νφ+ h.c. (2.24)
This choice is suggested by the invariance of the free massless theory under gauge transfor-
mations of ψµ: it is compatible with the quantisation of the theory under constraints, and
using the projector Eq. (2.22) and the propagator Eq. (2.20), it can be shown easily that it
involves only the spin-3/2 part of ψα.
Fortunately, we do not have to take sides on this issue here. Indeed, these two choices
of interaction term will yield actually the same result for the branching ratio of interest
here. This is in agreement with the fact that we use these interactions only for a tree-level
interaction with on-shell particles, and it will provide a further cross-check of our results.
2.5 Narrow-width approximation
The Λ∗ propagation and decay can thus be included in the description Eq. (2.16) as
M =〈(NK¯)Λ∗`+`−|OHµ OL;µ|Λb〉
=i
∑
λ=t,0,+,−
∑
i
∑
sΛ∗
u¯NGuΛ∗
i
k2 −m2Λ∗
(u¯αΛ∗(ε
∗µ
λ Γ
Hi
µα)uΛb) f
i
λ (u¯`−(ε
ν
λΓ
L
ν )v`−),
(2.25)
where G is a momentum-dependent quantity defined as 〈NK|Li|Λ∗〉 = u¯NG(k1, k2)uΛ∗
from the interaction Lagrangians Eqs. (2.23) or (2.24). The decay rate can be computed as∫
dΓ =
∫
dΦ4
|M|2
2mΛb
, |M|2 = 1
2
∑
sΛb
∑
sN
|M|2, (2.26)
where we summed over the final spins and averaged over the initial spins, assuming that
the Λb baryon is produced essentially in an unpolarised way at the LHC [65, 66].
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Following Ref. [67], we modify the propagator of the Λ∗ baryon to take into account
the width of the resonance, but treat it as narrow (ΓΛ∗  mΛ∗)
∫
dΦ4
|M|2
2mΛb
=
∫
dΦ˜ dk2
|N |2
(k2 −m2)2
→
∫
dΦ˜ dk2
|N |2
(k2 −m2)2 + (mΛ∗ΓΛ∗)2
→
∫
dΦ˜ dk2|N |2 pi
mΛ∗ΓΛ∗
δ(k2 −m2Λ∗) =
∫
dΦ˜|N |2k2=m2
Λ∗
pi
mΛ∗ΓΛ∗
,
(2.27)
where dΦ˜ describes the phase space without the integration with respect to dk2 as shown
in Eq. (2.11), and N is defined from the matrix elementM in Eq. (2.25) as
N = (k2 −m2Λ∗)M. (2.28)
Up to a phase space, the branching ratio is the product of three matrix elements correspond-
ing to the helicity amplitude for the leptonic part, the helicity amplitude for the Λb → Λ∗
hadronic part and the matrix element for the Λ∗ → NK¯ decay. We finally obtain
∫
dΓ =
∫
dq2d cos θ`d cos θΛ∗dφ
1
215pi5mΛbmΛ∗ΓΛ∗
(βΛbβNK¯β`)|N |2
∣∣∣∣
k2=m2
Λ∗
. (2.29)
3 Hadronic matrix elements
Since the general framework of the kinematics and helicity amplitudes has been set up, we
can turn to the description of the hadronic part of the decay through form factors.
3.1 Λb → Λ∗ vector form factors
The hadronic matrix elements can be decomposed using the spinors for Λb and Λ∗, and
inserting all the possible Dirac structures taking into account the parity and the e.o.m con-
straints. In the case of the vector form/axial operators, there are four structures, and thus
four form factors, once the equations of motion for Λb and Λ∗ are taken into account [68].
As seen before, they are better defined using helicity form factors [31, 47], which corre-
sponds to choosing combinations of these Dirac matrices so that they are orthogonal to the
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polarisation eigenvectors defined in Eq. (2.13). This leads to the following definition
〈Λ∗|s¯γµb|Λb〉 =u¯α(k, sΛ∗)
{
pα
[
fVt (q
2)(mΛb −mΛ∗)
qµ
q2
+ fV0 (q
2)
mΛb +mΛ∗
s+
(pµ + kµ − q
µ
q2
(m2Λb −m2Λ∗))
+ fV⊥ (q
2)(γµ − 2mΛ∗
s+
pµ − 2mΛb
s+
kµ)
]
+ fVg (q
2)
[
gαµ +mΛ∗
pα
s−
(
γµ − 2 k
µ
mΛ∗
+ 2
mΛ∗p
µ +mΛbk
µ
s+
)]}
u(p, sΛb),
〈Λ∗|s¯γµγ5b|Λb〉 =− u¯α(k, sΛ∗)γ5
{
pα
[
fAt (q
2)(mΛb +mΛ∗)
qµ
q2
+ fA0 (q
2)
mΛb −mΛ∗
s−
(pµ + kµ − q
µ
q2
(m2Λb −m2Λ∗))
+ fA⊥ (q
2)(γµ + 2
mΛ∗
s−
pµ − 2mΛb
s−
kµ)
]
+ fAg (q
2)
[
gαµ −mΛ∗ p
α
s+
(
γµ + 2
kµ
mΛ∗
− 2mΛ∗p
µ −mΛbkµ
s−
)]}
u(p, sΛb).
(3.1)
We have introduced
s± = (mΛb ±mΛ∗)2 − q2. (3.2)
We have used similar normalisations to the Λb → Λ(1116) form factors chosen in Refs. [31,
47] for ft, f0, f⊥ so that in the limit where the three form factors are set to 1, one recovers
a point-like behaviour u¯α(k, sΛ∗)pαγµ(γ5)u(p, sΛb). However, in the Λ
∗ case, a fourth form
factor, fg, arises [45, 68, 79]. Further constraints arise by considering the limit q2 → 0:
since there are no physical state with s¯b quantum numbers and a a vanishing mass, the
matrix elements cannot exhibit any singularity at q2 = 0, which leads to the constraints in
this limit
fVt (q
2)− fV0 (q2) = O(q2), fAt (q2)− fA0 (q2) = O(q2), (3.3)
fVt (q
2) = O(1), fV0 (q
2) = O(1), fV⊥ (q
2) = O(1), fVg (q
2) = O(1),
fAt (q
2) = O(1), fA0 (q
2) = O(1), fA⊥ (q
2) = O(1), fAg (q
2) = O(1).
(3.4)
Some conditions should also obeyed by the form factors for q2 = (mΛb − mΛ∗)2, where
additional s− factors arise from the normalisation of the free Dirac solutions u and u¯α, see
Sec. A. We finally obtain the following constraints in this limit
fVt (q
2) = O
(
1√
s−
)
, fV0 (q
2) = O
(
1
s−
)
, fV⊥ (q
2) = O
(
1
s−
)
, fVg (q
2) = O(1),
fAt (q
2) = O
(
1
s−
)
, fA0 (q
2) = O
(
1√
s−
)
, fA⊥ (q
2) = O
(
1√
s−
)
, fAg (q
2) = O
(
1√
s−
)
.
(3.5)
At both endpoints, the conditions indicated above are sufficient to ensure the absence of
unphysical poles in the hadronic matrix elements, but obviously, form factors exhibiting
less singular behaviours are also acceptable.
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The choice of helicity form factors means that the matrix elements for each polarisation
correspond to a very simple expression in terms of form factors for the vector part
HVt (sΛb , sΛ∗) ≡ ε∗µ(t) 〈Λ∗(k, sΛ∗)|s¯γµb|Λb(p, sΛb)〉
= fVt (q
2)
mΛb −mΛ∗√
q2
u¯α(k, sΛ∗)p
αu(p, sΛb),
HV0 (sΛb , sΛ∗) ≡ ε∗µ(0) 〈Λ∗(k, sΛ∗)|s¯γµb|Λb(p, sΛb)〉
= −fV0 (q2)
mΛb +mΛ∗
s+
√
|e2|u¯α(k, sΛ∗)pαu(p, sΛb),
HV± (sΛb , sΛ∗) ≡ ε∗µ(±) 〈Λ∗(k, sΛ∗)|s¯γµb|Λb(p, sΛb)〉
=
(
fV⊥ (q
2) + fVg (q
2)
mΛ∗
s−
)
u¯α(k, sΛ∗)p
α/ε∗(±)u(p, sΛb) + fVg (q2)u¯α(k, sΛ∗)ε∗α(±)u(p, sΛb),
(3.6)
and for the axial part
HAt (sΛb , sΛ∗) ≡ ε∗µ(t) 〈Λ∗(k, sΛ∗)|s¯γµγ5b|Λb(p, sΛb)〉
= −fAt (q2)
mΛb +mΛ∗√
q2
u¯α(k, sΛ∗)γ
5pαu(p, sΛb),
HA0 (sΛb , sΛ∗) ≡ ε∗µ(0) 〈Λ∗(k, sΛ∗)|s¯γµγ5b|Λb(p, sΛb)〉
= fA0 (q
2)
mΛb −mΛ∗
s−
√
|e2|u¯α(k, sΛ∗)γ5pαu(p, sΛb),
HA±(sΛb , sΛ∗) ≡ ε∗µ(±) 〈Λ∗(k, sΛ∗)|s¯γµγ5b|Λb(p, sΛb)〉
=
(
fA⊥ (q
2)− fAg (q2)
mΛ∗
s+
)
u¯α(k, sΛ∗)p
α/ε∗(±)γ5u(p, sΛb)− fAg (q2)u¯α(k, sΛ∗)ε∗α(±)γ5u(p, sΛb),
(3.7)
where e is the vector defined in Eq. (2.14). Using the expression for the spinor matrix
elements given in App. A, we obtain for the non-vanishing amplitudes in the vector part
HVt (+1/2,+1/2) = H
V
t (−1/2,−1/2) = fVt (q2)
mΛb −mΛ∗√
q2
s+
√
s−√
6mΛ∗
,
HV0 (+1/2,+1/2) = H
V
0 (−1/2,−1/2) = −fV0 (q2)
mΛb +mΛ∗√
q2
s−
√
s+√
6mΛ∗
,
HV+ (+1/2,−1/2) = HV− (−1/2,+1/2) = −fV⊥ (q2)
s−
√
s+√
3mΛ∗
,
HV+ (−1/2,−3/2) = HV− (+1/2,+3/2) = fVg (q2)
√
s+,
(3.8)
and for the axial part
HAt (+1/2,+1/2) = −HAt (−1/2,−1/2) = fAt (q2)
mΛb +mΛ∗√
q2
s−
√
s+√
6mΛ∗
,
HA0 (+1/2,+1/2) = −HA0 (−1/2,−1/2) = −fA0 (q2)
mΛb −mΛ∗√
q2
s+
√
s−√
6mΛ∗
,
HA+(+1/2,−1/2) = −HA−(−1/2,+1/2) = fA⊥ (q2)
s+
√
s−√
3mΛ∗
,
HA+(−1/2,−3/2) = −HA−(+1/2,+3/2) = −fAg (q2)
√
s−.
(3.9)
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3.2 Λb → Λ∗ tensor form factors
A similar discussion takes place in the case of the tensor form factors. The relevant matrix
elements are the following, once again defined in order to have structures orthogonal to the
polarisation vectors Eq. (2.13)
〈Λ∗|s¯iσµνqνb|Λb〉 =− u¯α(k, sΛ∗)
{
pα
[
fT0 (q
2)
q2
s+
(pµ + kµ − q
µ
q2
(m2Λb −m2Λ∗))
+ fT⊥(q
2)(mΛb +mΛ∗)(γ
µ − 2mΛ∗
s+
pµ − 2mΛb
s+
kµ)
]
+ fTg (q
2)
[
gαµ +mΛ∗
pα
s−
(
γµ − 2 k
µ
mΛ∗
+ 2
mΛ∗p
µ +mΛbk
µ
s+
)]}
u(p, sΛb),
〈Λ∗|s¯iσµνγ5qνb|Λb〉 =− u¯α(k, sΛ∗)γ5
{
pα
[
fT50 (q
2)
q2
s−
(pµ + kµ − q
µ
q2
(m2Λb −m2Λ∗))
+ fT5⊥ (q
2)(mΛb −mΛ∗)(γµ + 2
mΛ∗
s−
pµ − 2mΛb
s−
kµ)
]
+ fT5g (q
2)
[
gαµ −mΛ∗ p
α
s+
(
γµ + 2
kµ
mΛ∗
− 2mΛ∗p
µ −mΛbkµ
s−
)]}
u(p, sΛb).
(3.10)
We have again used similar normalisations to the Λb → Λ(1116) form factors chosen in
Refs. [31, 47] for f0, f⊥, so that in the limit where the two form factors are set to 1, one
recovers a point-like behaviour. In the Λ∗ case, there is again an additional form factor to
be taken into account [45, 68, 79].
As in the vector/axial case, the matrix elements cannot exhibit a singularity at q2 = 0
nor q2 = (mΛb −mΛ∗)2, which yields the following constraints for q2 → 0 (see App. C for
further detail)
fT⊥(q
2) = O(1), fT0 (q
2) = O(1), fTg (q
2) = O(1),
fT5⊥ (q
2) = O(1), fT50 (q
2) = O(1), fT5g (q
2) = O(1),
(3.11)
and the following constraints for q2 → (mΛb −mΛ∗)2
fT⊥(q
2) = O
(
1
s−
)
, fT0 (q
2) = O
(
1
s−
)
, fTg (q
2) = O(1),
fT5⊥ (q
2) = O
(
1√
s−
)
, fT50 (q
2) = O
(
1√
s−
)
, fT5g (q
2) = O
(
1√
s−
)
.
(3.12)
These conditions are sufficient to ensure the absence of unphysical poles in the hadronic
matrix elements, but once again, form factors exhibiting less singular behaviours are also
acceptable. Moreover, the equality σµνγ5 = iµνρσσρσ/2 yields the following constraints for
the values of the tensor form factors at q2 = 0
fT5⊥ (0) = f
T
⊥(0), f
T5
g (0) = f
T
g (0)
mΛb +mΛ∗
mΛb −mΛ∗
. (3.13)
As can be seen by comparing with the previous section, the situation is slightly different
from the vector/axial case: there is no form factor corresponding to the time-like polar-
isation (or qµ), the normalisation of the Lorentz structures is different, and the resulting
constraints at q2 = 0 are different.
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This leads to the helicity amplitudes
HTt (sΛb , sΛ∗) ≡ ε∗µ(t) 〈Λ∗(k, sΛ∗)|s¯iσµνqνb|Λb(p, sΛb)〉 = 0,
HT0 (sΛb , sΛ∗) ≡ ε∗µ(0) 〈Λ∗(k, sΛ∗)|s¯iσµνqνb|Λb(p, sΛb)〉
= fT0 (q
2)
q2
s+
√
|e2|u¯α(k, sΛ∗)pαu(p, sΛb),
HT±(sΛb , sΛ∗) ≡ ε∗µ(±) 〈Λ∗(k, sΛ∗)|s¯iσµνqνb|Λb(p, sΛb)〉
= −
(
fT⊥(q
2)(mΛb +mΛ∗) + f
T
g (q
2)
mΛ∗
s−
)
u¯α(k, sΛ∗)p
α/ε∗(±)u(p, sΛb)
− fTg (q2)u¯α(k, sΛ∗)ε∗α(±)u(p, sΛb),
HT5t (sΛb , sΛ∗) ≡ ε∗µ(t) 〈Λ∗(k, sΛ∗)|s¯iσµνqνγ5b|Λb(p, sΛb)〉 = 0,
HT50 (sΛb , sΛ∗) ≡ ε∗µ(0) 〈Λ∗(k, sΛ∗)|s¯iσµνqνγ5b|Λb(p, sΛb)〉
= fT50 (q
2)
q2
s−
√
|e2|u¯α(k, sΛ∗)γ5pαu(p, sΛb),
HT5± (sΛb , sΛ∗) ≡ ε∗µ(±) 〈Λ∗(k, sΛ∗)|s¯iσµνqνγ5b|Λb(p, sΛb)〉
=
(
fT5⊥ (q
2)(mΛb −mΛ∗)− fT5g (q2)
mΛ∗
s+
)
u¯α(k, sΛ∗)p
α/ε∗(±)γ5u(p, sΛb)
− fT5g (q2)u¯α(k, sΛ∗)ε∗α(±)γ5u(p, sΛb).
(3.14)
We recall that eµ has been defined in Eq. (2.14). As expected, there is no contribution from
the time-like polarisation in the case of the tensor form factors. One obtains the following
non-vanishing amplitudes
HT0 (+1/2,+1/2) =H
T
0 (−1/2,−1/2) = fT0 (q2)
√
q2
s−
√
s+√
6mΛ∗
,
HT+(+1/2,−1/2) =HT−(−1/2,+1/2) = fT⊥(q2)(mΛb +mΛ∗)
s−
√
s+√
3mΛ∗
,
HT+(−1/2,−3/2) =HT−(+1/2,+3/2) = −fTg (q2)
√
s+,
HT50 (+1/2,+1/2) =−HT50 (−1/2,−1/2) = −fT50 (q2)
√
q2
s+
√
s−√
6mΛ∗
,
HT5+ (+1/2,−1/2) =−HT5− (−1/2,+1/2) = fT5⊥ (q2)(mΛb −mΛ∗)
s+
√
s−√
3mΛ∗
,
HT5+ (−1/2,−3/2) =−HT5− (+1/2,+3/2) = −fT5g (q2)
√
s−.
(3.15)
3.3 Λb → Λ∗`+`− decay amplitudes
Considering the effective Hamiltonian Eq. (2.1) with only contributions from C7, C9`, C10`
and their chirality-flipped counterparts and neglecting the lepton mass, we obtain the fol-
lowing decomposition:
M(sΛb , sΛ∗) ≡ N1 〈Λ∗(sΛ∗)`+`−|
∑
i
CiOi|Λb(sΛb)〉 (3.16)
=
N1
2
∑
L(R)
LµL(R)
[
HVµ CL(R)9,10,+ −HAµ CL(R)9,10,− −
2mb
q2
{
HTµ (C7 + C7′) +HT5µ (C7 − C7′)
}] ,
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where the leptonic and hadronic helicity amplitudes read
LµL(R) = u¯(k2, s`−)γ
µ(1± γ5)v(k1, s`+), HXµ = 〈Λ∗|s¯ΓXµ b|Λb〉, (3.17)
with the various Dirac matrices ΓV (A)µ = γµ(γ5) and Γ
T (T5)
µ = σµνq
ν(γ5). The combinations
of Wilson coefficients are defined as
CL(R)9,10,+ = (C9` ∓ C10`) + (C9′` ∓ C10′`), CL(R)9,10,− = (C9` ∓ C10`)− (C9′` ∓ C10′`), (3.18)
and the normalization reads
N1 =
4GF√
2
VtbV
∗
ts
α
4pi
. (3.19)
We can perform the helicity amplitude decomposition discussed in Sec. 2, exploiting the
expression of the hadronic helicity amplitudes in terms of the form factors described in
Sec. 3 and using the explicit solutions of the Dirac equation in App. A in order to determine
the leptonic helicity amplitudes. The resulting expressions are given in Tab. 1, with the
corresponding hadronic transversity amplitudes
B
L(R)
⊥1 = +
√
2N
(
CL(R)9,10,+HV+ (−1/2,−3/2)−
2mb(C7 + C7′)
q2
HT+(−1/2,−3/2)
)
,
B
L(R)
‖1 =−
√
2N
(
CL(R)9,10,−HA+(−1/2,−3/2) +
2mb(C7 − C7′)
q2
HT5+ (−1/2,−3/2)
)
,
A
L(R)
⊥1 = +
√
2N
(
CL(R)9,10,+HV+ (+1/2,−1/2)−
2mb(C7 + C7′)
q2
HT+(+1/2,−1/2)
)
,
A
L(R)
‖1 =−
√
2N
(
CL(R)9,10,−HA+(+1/2,−1/2) +
2mb(C7 − C7′)
q2
HT5+ (+1/2,−1/2)
)
,
A
L(R)
⊥0 = +
√
2N
(
CL(R)9,10,+HV0 (+1/2,+1/2)−
2mb(C7 + C7′)
q2
HT0 (+1/2,+1/2)
)
,
A
L(R)
‖0 =−
√
2N
(
CL(R)9,10,−HA0 (+1/2,+1/2) +
2mb(C7 − C7′)
q2
HT50 (+1/2,+1/2)
)
.
(3.20)
The normalisation factor N , related to the 4-body phase space of this decay, is defined as
N = N1
√√√√q2√λ(m2Λb ,m2Λ∗ , q2)
3 · 210m3Λbpi3
. (3.21)
We have used the relations Eqs. (3.8), (3.9), (3.15) in order to express H− amplitudes in
terms of H+. We notice that there are no contributions from Ht here: the tensor hadronic
amplitudes vanish exactly, whereas the vector/axial hadronic amplitudes are multiplied
by the leptonic helicity amplitude µ(t)Lµ,L(R) which are proportional to m2`/
√
q2 (and
neglected here) due to the lepton equation of motion.
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sΛb sΛ∗ M
+12 +
1
2
N1
2
√
2N
∑
L(R)
[
A
L(R)
⊥0 +A
L(R)
‖0
]
u¯/ε(0)PL(R)v
−12 −12
N1
2
√
2N
∑
L(R)
[
A
L(R)
⊥0 −AL(R)‖0
]
u¯/ε(0)PL(R)v
+12 −12
N1
2
√
2N
∑
L(R)
[
A
L(R)
⊥1 +A
L(R)
‖1
]
u¯/ε(+)PL(R)v
−12 +12
N1
2
√
2N
∑
L(R)
[
A
L(R)
⊥1 −AL(R)‖1
]
u¯/ε(−)PL(R)v
−12 −32
N1
2
√
2N
∑
L(R)
[
B
L(R)
⊥1 +B
L(R)
‖1
]
u¯/ε(+)PL(R)v
+12 +
3
2
N1
2
√
2N
∑
L(R)
[
B
L(R)
⊥1 −BL(R)‖1
]
u¯/ε(−)PL(R)v
Table 1. Λb → Λ∗`+`− decay amplitudes in terms of hadronic transversity amplitudes
3.4 Λ∗ → NK¯ decay
The Λ∗ → NK¯ decay rate 3 can be computed using
Γ(Λ∗ → NK¯) = βNK¯
16pimΛ∗
|MΛ∗ |2, (3.22)
We can consider either of the two interaction terms discussed in Sec. 2.4, corresponding to
MΛ∗1 (m, s) =gmΛ∗kµ2 u¯sγ5Umµ ,
MΛ∗2 (m, s) =gεµναβkµk2βu¯sγαUmν ,
(3.23)
These two alternative choices for the interaction terms describe the same physical decay
for on-shell particles, and we checked explicitly that these two choices are equivalent and
lead to the same final results in the following. From Eqs. (2.25) and (2.29), we see that the
computation of the Λb → Λ∗(→ NK¯)`+`− decay rate will require the interference terms
between matrix elements with different Λ∗ polarisations, which can be defined as
Γ2(s
a
Λ∗ , s
b
Λ∗) ≡
√
r+r−
16pim3Λ∗
∑
sN
M(saΛ∗ , sN )M(sbΛ∗ , sN )∗, (3.24)
where r± = (m2Λ∗±m2N )−m2K¯ . The normalisation for Γ2 in Eq. (3.24) comes from the phase
space, which is present both in Λ∗ → NK¯ and Λb → Λ∗(→ NK¯)`+`−. This definition is
3We have not been specific whether we perform the sum over the two isospin states or select only one
of them. This has no impact on the computation as long as the same definition is used for Λ∗ → NK¯ and
Λb → Λ∗(→ NK¯)`+`−.
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such that the Λ∗ → NK¯ decay reads
Γ(Λ∗ → NK¯) =
∑
sΛ∗
Γ2(sΛ∗ , sΛ∗)
4
. (3.25)
Using the explicit expression of the solutions in App. A, we obtain
Γ2 =
BΛ∗ΓΛ∗
4

6 sin2(θΛ∗) 2
√
3e−iφ sin(2θΛ∗) −2
√
3e−2iφ sin2(θΛ∗) 0
2
√
3eiφ sin(2θΛ∗) 3 cos(2θΛ∗) + 5 0 −2
√
3e−2iφ sin2(θΛ∗)
−2√3e2iφ sin2(θΛ∗) 0 3 cos(2θΛ∗) + 5 −2
√
3e−iφ sin(2θΛ∗)
0 −2√3e2iφ sin2(θΛ∗) −2
√
3eiφ sin(2θΛ∗) 6 sin
2(θΛ∗)
 ,
(3.26)
with rows and columns corresponding to values of sa, sb = −3/2,−1/2, 1/2, 3/2. We denote
BΛ∗ ≡ B(Λ∗ → Kp) and ΓΛ∗ is the inclusive decay width of the Λ∗ baryon.
4 Phenomenology
4.1 Angular observables
Combining all the above elements, we obtain finally the differential decay rate
L(q2, θ`, θΛ∗ , φ) =
8pi
3
d4Γ
dq2d cos θ`d cos θΛ∗dφ
= cos2 θΛ∗
(
L1c cos θ` + L1cc cos
2 θ` + L1ss sin
2 θ`
)
+ sin2 θΛ∗
(
L2c cos θ` + L2cc cos
2 θ` + L2ss sin
2 θ`
)
+ sin2 θΛ∗
(
L3ss sin
2 θ` cos
2 φ+ L4ss sin
2 θ` sinφ cosφ
)
+ sin θΛ∗ cos θΛ∗ cosφ(L5s sin θ` + L5sc sin θ` cos θ`)
+ sin θΛ∗ cos θΛ∗ sinφ(L6s sin θ` + L6sc sin θ` cos θ`),
(4.1)
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with the angular coefficients L that are interferences between the various helicity amplitudes
defined in Tab. 1:
L1c =− 2BΛ∗
(
Re(AL⊥1A
L∗
‖1 )− (L↔ R)
)
,
L1cc =BΛ∗
(∣∣∣AL‖1∣∣∣2 + ∣∣AL⊥1∣∣2 + (L↔ R)) ,
L1ss =
1
2
BΛ∗
(
2
∣∣∣AL‖0∣∣∣2 + 2 ∣∣AL⊥0∣∣2 + ∣∣∣AL‖1∣∣∣2 + ∣∣AL⊥1∣∣2 + (L↔ R)) ,
L2c =− 1
2
BΛ∗
(
Re(AL⊥1A
L∗
‖1 ) + 3Re(B
L
⊥1B
L∗
‖1 )− (L↔ R)
)
,
L2cc =
1
4
BΛ∗
(∣∣∣AL‖1∣∣∣2 + ∣∣AL⊥1∣∣2 + 3 ∣∣∣BL‖1∣∣∣2 + 3 ∣∣BL⊥1∣∣2 + (L↔ R)) ,
L2ss =
1
8
BΛ∗
[
2
∣∣∣AL‖0∣∣∣2 + ∣∣∣AL‖1∣∣∣2 + 2 ∣∣AL⊥0∣∣2 + ∣∣AL⊥1∣∣2 + 3 ∣∣∣BL‖1∣∣∣2 + 3 ∣∣BL⊥1∣∣2
−2
√
3Re(BL‖1A
L∗
‖1 ) + 2
√
3Re(BL⊥1A
L∗
⊥1) + (L↔ R)
]
,
L3ss =
√
3
2
BΛ∗
(
Re(BL‖1A
L∗
‖1 )− Re(BL⊥1AL∗⊥1) + (L↔ R)
)
,
L4ss =
√
3
2
BΛ∗
(
Im(BL⊥1A
L∗
‖1 )− Im(BL‖1AL∗⊥1) + (L↔ R)
)
,
L5s =
√
3
2
BΛ∗
(
Re(BL⊥1A
L∗
‖0 )− Re(BL‖1AL∗⊥0)− (L↔ R)
)
,
L5sc =
√
3
2
BΛ∗
(
−Re(BL‖1AL∗‖0 ) + Re(BL⊥1AL∗⊥0) + (L↔ R)
)
,
L6s =
√
3
2
BΛ∗
(
Im(BL‖1A
L∗
‖0 )− Im(BL⊥1AL∗⊥0)− (L↔ R)
)
,
L6sc =−
√
3
2
BΛ∗
(
Im(BL⊥1A
L∗
‖0 )− Im(BL‖1AL∗⊥0) + (L↔ R)
)
,
(4.2)
where we have neglected the lepton masses. The corresponding CP-conjugate mode will
involve A¯ and B¯ amplitudes, where only the weak phases are taken to their opposite, as
already discussed in Sec. 2.2.
We provide further cross-checks of these expressions in App. B by comparing our results
with general expectations from the partial-wave analysis of four-body b→ s`+`− decays [53],
and in App. C by checking the agreement with the expressions for Λb → Λ∗(→ KN)γ [41,
42].
4.2 Derived observables
One can define derived observables using a particular weight ω to integrate the differential
decay rate over the whole phase space
X[ω](q2) ≡
∫
d4Γ
dq2d cos θ`d cos θΛdφ
ω(q2, θ`, θΛ, φ)d cos θ`d cos θΛdφ. (4.3)
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The differential decay width is
dΓ
dq2
= X[1] =
1
3
[L1cc + 2L1ss + 2L2cc + 4L2ss + 2L3ss]
= |AL||0|2 + |AL⊥0|2 + |AL||1|2 + |AL⊥1|2 + |BL||1|2 + |BL⊥1|2 + (L↔ R),
(4.4)
which we can use to normalise the CP-averaged angular observables and the corresponding
CP-asymmetries
Si =
Li + L¯i
d(Γ + Γ¯)/dq2
, Ai =
Li − L¯i
d(Γ + Γ¯)/dq2
. (4.5)
One can similarly define the transverse and longitudinal polarization of the dilepton
system [31]
F1 =X
[
5 cos θ2` − 1
dΓ/dq2
]
=
2(L1cc + 2L2cc)
L1cc + 2(L1ss + L2cc + 2L2ss + L3ss)
,
F0 =1− F1 = 1− 2(L1cc + 2L2cc)
L1cc + 2(L1ss + L2cc + 2L2ss + L3ss)
.
(4.6)
One can also define a forward-backward asymmetry with respect to the leptonic scattering
angle normalised to the differential rate
A`FB = X
[
sgn[cos θ`]
dΓ/dq2
]
=
3(L1c + 2L2c)
2(L1cc + 2(L1ss + L2cc + 2L2ss + L3ss))
. (4.7)
Due to the strong decay of the Λ∗, it is no surprise that the analogous asymmetries for
the hadronic system vanish
AΛ
∗
FB = X
[
sgn[cos θΛ]
dΓ/dq2
]
= 0, A`Λ
∗
FB = X
[
sgn[cos θΛ cos θ`]
dΓ/dq2
]
= 0. (4.8)
These relations can be used in the context of an experimental analysis as simple tests of
the correct identification of the Λ∗ baryon within the Λ→ NK¯`+`− sample.
4.3 Low- and large-recoil limits
As can be seen from the previous expressions, the description of this decay involves 8
vector/axial form factors and 6 tensor form factors. This number is considerably reduced
in the heavy quark limit mb → ∞. Two different kinematic situations can be considered:
either the outgoing Λ∗ baryon is soft (low-recoil limit) or it is energetic (large-recoil limit).
Two different effective theories have been devised to exploit the hierarchy of soft and hard
scales in both configurations, namely the Heavy Quark Effective Theory (HQET) [69–73]
and the Soft-Collinear Effective Theory (SCET) [74–77].
In the low-recoil limit where HQET is valid [72], one can use the heavy-baryon velocity
vµ = pµ/mΛb to project the the b-quark field onto its large-spinor component hv = /vhv:
〈Λ∗|s¯Γb|Λb〉 → u¯αΛ∗vα[ζ1 + /vζ2]ΓuΛb , (4.9)
where Γ is any Dirac matrix, ζ1 and ζ2 are the only two form factors that should be present
at leading order in αS and Λ/mb according to HQET. These two form factors are functions
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of q2 or equivalently v · v′ (where v′ = k/mΛ∗ is the velocity of the light baryon). We can
take the heavy-quark limit (neglecting Λ/mb contributions) in the definition of the form
factors Eqs. (3.1) and (3.10) and identify the results with Eq. (4.9). This is performed (with
slightly different definitions of the form factors) in Refs. [31, 47, 78], and the corresponding
expressions yield at low recoil:
fV⊥ = f
V
0 = f
A
t = f
T
⊥ = f
T
0 =(ζ1 − ζ2)/mΛb ,
fA⊥ = f
A
0 = f
V
t = f
T5
⊥ = f
T5
0 =(ζ1 + ζ2)/mΛb ,
fVg = f
A
g = f
T
g = f
T5
g =0.
(4.10)
It is also possible to perform a similar analysis in the large-recoil limit where SCET holds.
Following Ref. [31, 47, 78], one can see that the SCET analysis yields:
〈Λ∗|s¯Γb|Λb〉 → ξu¯αΛ∗vαΓuΛb , (4.11)
where Γ is any Dirac matrix, ξ is the only form factor that should be present at leading order
in αS and Λ/mb according to SCET. These form factors are functions of q2 or equivalently
n+ · k (where n+ is a light-like vector orthogonal to k). One can see that formally, the
expression for SCET Eq. (4.11) will be obtained from the HQET expression Eq. (4.9) by
identifying ζ1 to ξ and setting ζ2 to 0, leading to the equality at large recoil:
fVt = f
V
⊥ = f
V
0 = f
A
t = f
A
⊥ = f
A
0 = f
T
⊥ = f
T
0 = f
T5
⊥ = f
T5
0 = ξ/mΛb , (4.12)
whereas all fg form factors vanish also in the large-recoil limit.
The methods used in Refs. [47, 78] could be used to analyse higher-order corrections to
these relations (in powers of αS and Λ/mb) but this is out of the scope of the present article.
From Eq. (3.20), we see that all the hadronic amplitudes A⊥ involve ζ1 − ζ2, whereas A||
involve ζ1 + ζ2. All B⊥ and B|| amplitudes vanish in both limits because they only depend
on fg form factors. Using the equalities in Eq. (4.10) (which are also compatible with the
equalities in Eq. (4.12)), we obtain
L1c → α(ζ21 − ζ22 ), L2c →
1
4
L1c,
L1cc → α′(ζ1 − ζ2)2 + β′(ζ1 + ζ2)2, L2cc → 1
4
L1cc,
L1ss → α′′(ζ1 − ζ2)2 + β′′(ζ1 + ζ2)2, L2ss → 1
4
L1ss,
(4.13)
whereas the rest of the angular observables (L3ss, L4ss, L5s, L5sc, L6s, L6sc) vanishes. The
α and β coefficients combine Wilson coefficients and kinematic factors. Considering the
relations in Eqs. (4.13), we can see that we cannot build in a straightforward manner
optimised observables similar to the B → K∗`+`− channel [5, 6] where the form factors
will cancel out and non-trivial information on the Wilson coefficients can be obtained (up
to 1/mb and αS corrections).
In the case of the large-recoil limit, the three independent observables L1c, L1cc, L1ss
only depend on ξ and any ratio of these observables for which the uncertainties coming
from the form factors are suppressed by 1/mb.
This discussion leads us not to consider further the possibility of optimised observables
and to focus on the normalised CP-averaged angular observables S.
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4.4 Numerical illustrations
We consider now numerical results for the various angular coefficients described above. This
should be considered as a preliminary study, as we are going to make several simplifications
that should be reassessed carefully if one wants to provide accurate predictions for this
decay.
Indeed, a complete analysis would require a precise knowledge of the 14 form factors
described in Sec. 3 and their correlations. Preliminary lattice determinations have been
presented in Ref. [45] and the question of non-local contributions could be tackled data-
driven methods similar to Refs. [29, 46], involving light-cone sum rules similar to Refs. [47–
50]. Since these results are not available yet, we will present a numerical illustration based
on the quark models of Ref. [68], in order to get an idea of the sensitivity of the angular
coefficients to different NP scenarios. Let us add that the results of Ref. [68] obey rather
well the HQET relations Eq. (4.10), but do not follow the SCET expectations very well
Eq. (4.12).
We focus on the muon case (` = µ in the following) and on the contributions coming
from O7,9,10,7′,9′,10′ . We also add contributions from the other operators O1−6, O8g (using
the values tabulated in Ref. [6]), but for simplicity, we consider only the factorisable quark-
loop contributions coming from these operators, which can be included into effective Wilson
coefficients Ceff7 and Ceff9 (q2) [75, 77]. This means that for the latter, we consider only the
charm-loop contributions derived from perturbation theory (taking mc = 1.3 GeV), as
there are no estimates for the long-distance contributions, contrary to B → K(∗)`+`−
where several estimates based on different theoretical approaches are available [24, 27, 29,
44, 46, 48, 49].
First we show the differential decay rate (normalised to the total Λb decay width)
and the lepton forward-backward asymmetry as functions of the dilepton invariant mass in
Figs. 2 and 3 in the context of the SM and several NP models inspired by a recent global fit
to b→ s`+`− transitions [16]: CNP9µ = −1.11, CNP9µ = −CNP9′µ = −0.62, CNP9µ = −CNP10µ = −0.62.
We see that the normalisation of the branching ratio is significantly affected by the presence
of NP, while keeping a similar shape in all cases. The lepton forward-backward asymmetry
exhibits a zero at large recoil whose position depends on the scenario considered. The
mild kink at q2 = 4m2c corresponds to the opening of the cc¯ threshold, appearing at the
perturbative level as an imaginary part in Ceff9 (q2) for q2 ≥ 4m2c .
Due to the lack of accurate estimates of the uncertainties for the various hadronic
inputs, we present only a very crude estimate of the uncertainties, assuming uncorrelated
10% uncertainties for the f0,⊥,t form factors and uncorrelated 30% uncertainties for the fg
form factors, on the basis of the expected accuracy from lattice determinations [45, 80].
The corresponding error bar for each observable is shown in the case of the SM predictions,
but it is a rather conservative error, as we do not take into account the fact that the various
form factors are significantly correlated, as illustrated in both HQET and SCET limits. In
order to keep our figures simple to read, we do not show the uncertainties for the various
NP models, which are of the same order as in the SM case.
For illustrative purposes, we also show the impact of a naive model of charmonium
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Figure 2. Top: Differential decay rate (normalised to the total Λb decay width) in the SM case and
three NP scenarios. Only short-distance contributions from charm loops are include. Bottom: For
illustration only, we also show the effect of a model for charmonium resonances in the SM case [68].
resonances in the SM case [68], confirming that the impact of charm loops remains quite
small below 8 GeV2 in general, and that the lepton forward-backward asymmetry is much
less affected as soon as the resonance region is left. In Figs. 2 and 3, the window at low recoil
between the ψ(2S) resonance (above 15 GeV2) and the endpoint is rather small, which may
affect the application of quark-hadron duality. In the large-recoil region, the main issue
is related to non-local contributions from charm loops, which may affect significantly the
decay rate but cancels mostly in the lepton forward-backward asymmetry.
We now move to the normalised angular coefficients defined in Eq. (4.5). We do not
consider the CP-asymmetries A, or the rates S which involve the imaginary part of the
products of amplitudes, as these quantities are very dependent on assumptions about the
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Figure 3. Top: A`FB in the SM case and three NP scenarios. Only short-distance contributions
from charm loops are include. Bottom: For illustration only, we also show the effect of a model for
charmonium resonances in the SM case [68].
phase of these amplitudes, and in particular the charm-loop contributions. We show the
most interesting remaining observables in Figs. 4 and 5. We see that these normalised
angular coefficients are sensitive to the scenario with right-handed contributions CNP9µ =
−CNP9′µ , but the sensitivity is more limited for scenarios with NP contributions in CNP9µ only
or in CNP9µ = −CNP10µ. S1c exhibits some sensitivity to these scenarios, with a q2-dependence
very similar to A`FB (the two quantities are actually identical in both HQET and SCET
limits).
As expected from HQET and SCET expectations, the form factors fg do not contribute
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Figure 4. Variation of S1c (top) and S2cc−S1cc/4 (bottom) with respect to the dilepton invariant
mass, in the case of the SM and three NP scenarios.
much to the amplitudes apart from the vicinity of the low-recoil endpoint. In particular,
B is small compared to the amplitudes A, which explains that most of the angular co-
efficients have a very similar behaviour, see Eq. (4.13). Moreover, in the SM and in the
NP models with no right-handed currents (NP in CNP9µ only or in CNP10µ = −CNP9µ ), the four
dominant amplitudes A are the left-handed ones (AL⊥,||), with contributions all proportional
to CL9,10,± = C9µ − C10µ. These contributions are all modified in the same proportion in the
presence of NP in C9µ and/or C10µ. The dependence on the Wilson coefficients cancels
out between the numerator and the denominator of the normalised angular coefficients Si,
which have thus the same q2-dependence for all these scenarios, as can be seen in Figs. 4
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Figure 5. Variation of S3ss (top) and S5sc (bottom) with respect to the dilepton invariant mass,
in the case of the SM and three NP models.
and 5. This conclusion holds for most of the physical domain, apart from a region at very
small q2 where the photon pole is dominant. Subdominant variations related to the inter-
ference between the left-handed contribution CL9,10,± and the other amplitudes (photon pole
C7 ± C7′ , right-handed contributions CR9,10,±) can be seen for S1c and S5sc at large recoil.
On the other hand, the scenario with right-handed contributions CNP9µ = −CNP9′µ will
affect differently CL9,10,+ and CR9,10,+, which are the dominant contributions in the normalised
angular coefficients. It is thus not surprising that the q2-dependence of these coefficients is
rather different for this NP scenario with right-handed couplings, as can be seen from the
curves in Figs. 4 and 5 that differ significantly from the SM case.
At the low-recoil endpoint for q2 → (mΛb − mΛ∗)2, the situation is slightly different
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and it depends on the behaviour of the form factors. In this region, the model of form
factors in Ref. [68] is less singular than requested from Eqs. (3.5) and (3.12). By inspecting
Eqs. (3.8) (3.9), (3.15) and (3.20), one can see that only the contributions from fVg and
fTg form factors survive in the various helicity amplitudes, so that the angular coefficients
L1c, L2c, L4ss, L5s, L6sc vanish. If we neglect the (very small) contribution from the photon
pole (i.e. we take C7, C7′ → 0), we obtain the following results for the other observables at
the low-recoil endpoint
S1c → 0, S2cc − S1cc/4→ 3/8, S3ss → −1/4, S5sc → −1/2. (4.14)
Apart from S1c which vanishes, these values are significantly larger than those obtained
over the rest of the physical region. Indeed, as fVg and fTg are the only non-vanishing con-
tributions, the normalised differential decay rate dΓ/dq2/N (with N defined in Eq. (3.21))
becomes smaller by several orders of magnitudes when q2 → (mΛb −mΛ∗)2 and enhances
the values of S2cc − S1cc/4, S3ss and S5sc at that endpoint compared to the rest of the
physical range for the dilepton invariant mass.
Our study is of course very preliminary and should be refined in several ways in order to
provide accurate predictions beyond this exploratory work: we have no inputs on the form
factors determined from lattice simulations or light-cone sum rules, we have included no
correlations among the uncertainties on these form factors even though they are correlated
in both SCET and HQET limits. Moreover, we do not attempt any assessment of the
charmonium contribution. All these issues should be discussed before drawing definite
conclusions concerning the sensitivity of these observables to NP contributions.
5 Outlook
We have investigated the rare decay Λb → Λ∗(→ NK¯)`+`− as a new source of information
on the flavour-changing neutral-current b → s`+`− transitions (` = e, µ), in addition to
the meson channels already studied at B factories and the LHC, which exhibit interesting
patterns of deviations compared to the Standard Model (SM) expectations. We gave a
detailed description of the kinematics of the decay and emphasised the issues related to the
propagation and the strong decay of the spin-3/2 Λ∗ baryon. We computed the decay rate
within the effective Hamiltonian approach, considering only SM and chirality-flipped oper-
ators, taking the narrow-width approximation for the Λ∗ baryon. The resulting differential
decay rate is expressed in terms of 12 angular observables that depend on the dilepton
invariant mass q2. Each observable can be seen as the sum of interference terms among 12
helicity amplitudes, which can be expressed in terms of short-distance Wilson coefficients
and hadronic transition form factors defined in a helicity basis. We checked that our result
is in agreement with general expectations from the helicity amplitude formalism, and we
also checked that our expressions exhibit the expected behaviour in the real-photon limit
q2 → 0 in order to recover the branching ratio for Λb → Λ∗γ. We discussed the simplifi-
cations arising in the limit of a heavy b-quark: depending on the kinematics (low or large
Λ∗ recoil, i.e., large or small q2), the Heavy Quark Effective Theory and the Soft-Collinear
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Effective Theory can be used to express all the form factors in terms of 2 or 1 reduced form
factors at leading order (i.e up to corrections of order αs and Λ/mb).
As there is currently no determination of the form factors available from lattice sim-
ulations or light-cone sum rules, we performed a first illustration of the sensitivity of the
observables to New Physics contributions using hadronic inputs from quark models. We
considered several NP scenarios favoured by the anomalies observed recently in b→ s`+`−
decay modes and we compared the results obtained using the whole set of form factors
or exploiting the HQET/SCET relations among the form factors. We discussed the phe-
nomenological consequences for some observables. We noticed that the differential decay
rate is quite sensitive to the specific NP scenario considered, both at low and large recoils.
On the other hand, the angular coefficients normalised to this decay rate show fewer vari-
ations. Indeed, in the case of NP scenarios with moderate contributions to CNP9µ and/or
CNP10µ, the four numerically significant amplitudes (AL⊥,||) are dominated by a single com-
bination of Wilson coefficients which cancel between the numerator and the denominator
of the angular coefficients S normalised with respect to the branching ratio. In the very
large-recoil region, the interference with the photon pole allows for some discrimination
between the NP scenarios for some of the observables. On the other hand, these angular
coefficients turn out to be quite sensitive to the presence of right-handed contributions CNP9′µ
which affect differently the various dominant transversity amplitudes. These conclusions
are only qualitative: form factors with a better control of theoretical uncertainties should
be used to analyse the sensitivities of these observables to NP contributions in more detail
before drawing any final conclusions.
Future experimental information on these observables could thus provide complemen-
tary information the on-going search for new physics from b → s`+`− transitions. How-
ever, several issues must be solved before this mode can be competitive compared to
B → K(∗)`+`− and even Λb → Λ(→ Npi)`+`− decays. Indeed, the capacity of the LHCb
experiment to observe this decay remains to be demonstrated, and the theoretical determi-
nation of hadronic contributions, local (form factors) and non-local (charm loops) has to be
performed accurately. In principle, one could also exploit the polarisation of the initial and
final state to build further observables, similarly to Ref. [35] in the Λb → Λ`+`− case. These
aspects should be investigated and solved (partially or fully) in the future. This would open
the possibility for a study of Λb → Λ∗(→ NK¯)`+`− at LHC that could complement other
modes in the ongoing quest for New Physics in b→ s`+`− transitions.
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A Notation
A.1 Kinematics
In agreement with the general analysis in terms of helicity amplitudes [53, 55], we consider
the kinematics of the decay in each of the relevant rest frames, which also provides a
definition of the angles of interest. In the Λb rest frame, we have
qµ =

m2Λb
+q2−m2
Λ∗
2mΛb
0
0
− 12mΛb
√
λ(m2Λb ,m
2
Λ∗ , q
2)
 , kµ =

m2Λb
+m2
Λ∗−q2
2mΛb
0
0
1
2mΛb
√
λ(m2Λb ,m
2
Λ∗ , q
2)
 . (A.1)
In the dilepton rest frame (where the basis of polarisation vector ε is also defined), we have
qµ1 =

E`
−E`β` sin θ`
0
−E`β` cos θ`
 , qµ2 =

E`
E`β` sin θ`
0
E`β` cos θ`
 , (A.2)
where
E` =
√
q2
2
, β` =
√
1− 4m
2
`
q2
. (A.3)
In the Λ∗ rest frame we have
kµ1 =

m2
Λ∗+m
2
N−m2K¯
2mΛ∗
−mΛ∗2 βNK¯ sin θΛ∗ cosφ
−mΛ∗2 βNK¯ sin θΛ∗ sinφ
mΛ∗
2 βNK¯ cos θΛ∗
 , kµ2 =

m2
Λ∗+m
2
K¯
−m2N
2mΛ∗
mΛ∗
2 βNK¯ sin θΛ∗ cosφ
mΛ∗
2 βNK¯ sin θΛ∗ sinφ
−mΛ∗2 βNK¯ cos θΛ∗
 , (A.4)
where
βNK¯ =
1
m2Λ∗
√
λ(m2Λ∗ ,m
2
N ,m
2
K¯
). (A.5)
These definitions agree with the kinematics defined in Ref. [31] (up to the trivial re-
placement Λ→ Λ∗). They also agree with the LHCb convention for B → K∗(→ Kpi)`+`−
decays [2, 53] up to the identification {B0,K∗0,K+, pi−} → {Λb,Λ∗, p,K−}.
A.2 Free solutions in the Λb rest frame
For the leptons, we can use the well-known expressions for the spin-1/2 case, see for instance
Ref. [55] where the application to helicity amplitudes is discussed. We have the following
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solutions for Λb for different values for sΛb
uΛb(+1/2) =

√
2mΛb
0
0
0
 , uΛb(−1/2) =

0√
2mΛb
0
0
 . (A.6)
Following Ref. [57] as discussed in Sec. 2, we have the solutions for different values for
sΛ∗
uΛ∗(−3/2) = 1
2
√
mΛb

0 0 0 0
0
√
s+ 0 −√s−
0 −i√s+ 0 i√s−
0 0 0 0
 ,
uΛ∗(−1/2) =
√
s−s+
4
√
3m
3/2
Λb
mΛ∗

0 2
√
s+ 0 −2√s−
2mΛ∗mΛb√
s− 0
2mΛ∗mΛb√
s+
0
−2imΛ∗mΛb√s− 0 −
2imΛ∗mΛb√
s+
0
0 s−+s+√s− 0 −
s−+s+√
s+
 ,
uΛ∗(+1/2) =
√
s−s+
4
√
3m
3/2
Λb
mΛ∗

2
√
s+ 0 2
√
s− 0
0 −2mΛ∗mΛb√s− 0
2mΛ∗mΛb√
s+
0 −2imΛ∗mΛb√s− 0
2imΛ∗mΛb√
s+
s−+s+√
s− 0
s−+s+√
s+
0
 ,
uΛ∗(−3/2) = 1
2
√
mΛb

0 0 0 0
−√s+ 0 −√s− 0
−i√s+ 0 i√s− 0
0 0 0 0
 ,
(A.7)
where the matrix notation corresponds to the vector and the spinor indices of the solutions
uαΛ∗,a.
A.3 Free solutions in the Λ∗ rest frame
We have the following solutions for Λ∗ for different values for sΛ∗
uΛ∗(−3/2) =√mΛ∗

0 0 0 0
0 1 0 0
0 −i 0 0
0 0 0 0
 , uΛ∗(−1/2) =
√
mΛ∗
3

0 0 0 0
1 0 0 0
−i 0 0 0
0 2 0 0
 ,
uΛ∗(+1/2) =
√
mΛ∗
3

0 0 0 0
0 −1 0 0
0 −i 0 0
2 0 0 0
 , uΛ∗(−3/2) = √mΛ∗

0 0 0 0
−1 0 0 0
−i 0 0 0
0 0 0 0
 .
(A.8)
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We have the following solutions for N for different values for sN
uN (+1/2) =
1
2mΛ∗

√
r+ cos
θΛ∗
2
−√r+ sin θΛ∗2 eiφ√
r− cos θΛ∗2
−√r− sin θΛ∗2 eiφ
 , uN (−1/2) = 12mΛ∗

√
r+ sin
θΛ∗
2 e
−iφ
√
r+ cos
θΛ∗
2
−√r− sin θΛ∗2 e−iφ
−√r− sin θΛ∗2
 .
(A.9)
A.4 Dilepton rest frame
We have the following solutions for `− for different values for s`−
u`−(+1/2) =

√
E` +m` cos
θ`
2√
E` +m` sin
θ`
2√
E` −m` cos θ`2√
E` −m` sin θ`2
 , u`−(−1/2) =

−√E` +m` sin θ`2√
E` +m` cos
θ`
2√
E` −m` sin θ`2
−√E` −m` cos θ`2
 , (A.10)
and for `+ for different values for s`+
v`+(+1/2) =

√
E` −m` cos θ`2√
E` −m` sin θ`2
−√E` +m` cos θ`2
−√E` +m` sin θ`2
 , v`+(−1/2) =

√
E` −m` sin θ`2
−√E` −m` cos θ`2√
E` +m` sin
θ`
2
−√E` +m` cos θ`2
 . (A.11)
B Cross check of the angular decomposition
The structure of the differential decay rate obtained in Sec. 4.1 can be checked against
the general analysis in terms of helicity amplitudes performed in Ref. [53]. Following the
arguments presented there, taking into account the spins of the initial, intermediate and
final states as well as the absence of spin-2 operators in the effective Hamiltonian, we expect
the differential decay rate to be organised as
L ∝Re
2JΛ∗∑
LΛ∗=0
2Jγ∑
L`=0
min(LΛ∗ ,L`)∑
M=0
G
LΛ∗ ,L`
M (q
2)Ω
LΛ∗ ,L`
M (ΩΛ∗ ,Ω`)
∝Re[G0,00 Ω0,00 +G0,10 Ω0,10 +G0,20 Ω0,20
+G2,00 Ω
2,0
0 +G
2,1
0 Ω
2,1
0 +G
2,1
1 Ω
2,1
1 +G
2,2
0 Ω
2,2
0 +G
2,2
1 Ω
2,2
1 +G
2,2
2 Ω
2,2
2 ].
(B.1)
The index LΛ∗ corresponds to the NK¯ system, L` to the dilepton system, and M to the
φ-component of both partial waves. In our case we have JΛ∗ = 3/2 and Jγ = 1, which
is the maximal spin of the virtual gauge boson induced by the operators of the effective
Hamiltonian in the absence of tensor contributions, as discussed in detail in Ref. [53]. G
are angular coefficients depending on the invariant mass of the dilepton pair. The angular
functions are given by the product of Wigner D functions
Ω
LΛ∗ ,L`
M (ΩΛ∗ ,Ω`) = D
Λ∗
M,0(φ, θΛ∗ ,−φ)DL`M,0(0, θ`, 0). (B.2)
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The second helicity index of both Wigner functions in the angular distribution is zero,
i.e. the difference of the helicities of the final-state particles (summed incoherently), and
the first index, identical for both Wigner functions, contains the helicities of the internal
particles (summed coherently).
Although the sum with respect to LΛ∗ in the first line of Eq. (B.1) goes from 0 to 2JΛ∗ ,
the second line of Eq. (B.1) contains only the sum over even values of LΛ∗ : this is due to
the fact that the decay of the Λ∗ baryon is strong and conserves parity, so that it should be
invariant under θΛ∗ → θΛ∗+pi, which eliminates odd-LΛ∗ partial waves 4. In addition, some
of the Wigner functions are real and L is the real part of the product of these functions
with the angular coefficients G, which means that only the following 12 angular coefficients
are involved
Re G0,00 →
1
9
(L1cc + 2L1ss + 2L2cc + 4L2ss + 2L3ss),
Re G0,10 →
1
3
(L1c + 2L2c),
Re G0,20 →
2
9
(L1cc − L1ss + 2L2cc − 2L2ss − L3ss),
Re G2,00 →
2
9
(L1cc + 2L1ss − L2cc − 2L2ss − L3ss),
Re G2,10 →
2(L1c − L2c)
3
,
Re G2,11 →
2L5s√
3
, Im G2,11 → −
2L6s√
3
,
Re G2,20 →
2
9
(2L1cc − 2L1ss − 2L2cc + 2L2ss + L3ss),
Re G2,21 →
2L5sc
3
, Im G2,21 → −
2L6sc
3
,
Re G2,22 →
4L3ss
3
, Im G2,22 → −
4L4ss
3
,
(B.3)
where we have indicated the equivalence with the angular coefficients defined in Eq. (4.1).
C Connection with Λb → Λ∗(→ NK¯)γ
C.1 Tensor form factors
The expressions for Λb → Λ∗(→ NK¯)`+`− contain a pole at q2 = 0, which is related to the
decay Λb → Λ∗(→ NK¯)γ. The matrix element responsible for the photon contribution to
Λb → Λ∗`+`− will have the structures ∗µMµ and ∗µMµ5 with
Mµ = u¯αΓ
αµu, Mµ5 = u¯αγ
5Γαµ5 u, (C.1)
with the general form factor decomposition
Γαµ(5) = q
αγµG
(′)
1 + q
α(p+ k)µG
(′)
2 + q
αqµG
(′)
3 − gαµG(′)4 . (C.2)
4Similarly, the decay B → K∗(→ Kpi)`+`− involves a sum over even values of JK∗ in Eq. (28) of Ref. [53]
since K∗ decays strongly, whereas Λb → Λ(→ Npi)`+`− involves a sum over odd and even values of JΛ in
Eq. (E.3) of Ref. [53] as Λ(1150) decays weakly. This is related to the P -conserving or violating nature of
the decay of the intermediate hadron, and not to the nature of the final state (as stated in Ref. [53]).
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The gauge condition qµΓ
αµ
(5) = 0 implies that
G4 = (mΛb −mΛ∗)G1 + (m2Λb −m2Λ∗)G2 + q2G3, (C.3)
G′4 = (mΛb +mΛ∗)G
′
1 + (m
2
Λb
−m2Λ∗)G′2 + q2G′3, (C.4)
leading to the expressions
Γαµ = [qαγµ− gαµ(mΛb −mΛ∗)]G1 + [qα(p+ k)µ− gαµ(m2Λb −m2Λ∗)]G2 + [qαqµ− gαµq2]G3,
(C.5)
Γαµ5 = [q
αγµ− gαµ(mΛb +mΛ∗)]G′1 + [qα(p+ k)µ− gαµ(m2Λb −m2Λ∗)]G′2 + [qαqµ− gαµq2]G′3.
(C.6)
Focusing on the tensor form factors fTi needed for the contribution of C7 + C7′ given in
Eq. (3.10), we can see that we have the identification
G1 → −(mΛb +mΛ∗)fT⊥ −
mΛ∗
s−
fTg , (C.7)
G2 → − q
2
s+
fT0 +
(mΛb +mΛ∗)
2
s+
fT⊥ +
mΛb(mΛb +mΛ∗)− q2
s+s−
fTg , (C.8)
G3 →
(m2Λb −m2Λ∗)
s+
[fT0 − fT⊥ ]−
m2Λb +mΛbmΛ∗ + 2m
2
Λ∗ − q2
s+s−
fTg . (C.9)
Similarly we have the identification for the pseudotensor form factors fT5i for C7 − C7′
G′1 → −(mΛb −mΛ∗)fT5⊥ +
mΛ∗
s+
fT5g , (C.10)
G′2 → −
q2
s−
fT50 +
(mΛb −mΛ∗)2
s−
fT5⊥ +
mΛb(mΛb −mΛ∗)− q2
s+s−
fT5g , (C.11)
G′3 →
(m2Λb −m2Λ∗)
s−
[fT50 − fT5⊥ ]−
m2Λb −mΛbmΛ∗ + 2m2Λ∗ − q2
s+s−
fT5g . (C.12)
If we want to have three independent form factors G(′)1 , G
(′)
2 , G
(′)
3 with a finite limit at
q2 → 0, it is sufficient to request that fT (5)⊥ , fT (5)0 , fT (5)g tend all to a finite value in this
limit, see Eq. (3.11). Let us emphasise that these conditions are obtained by considering
solely the behaviour of the amplitude at q2 → 0 in QCD, so that O(1) means O((q2)0)
here. The SCET limit, though related, is slightly different, taking q2 = O(Λ2), mb → ∞
and Λ/mb → 0. Eq. (4.12) obtained in the SCET limit shows that the condition for fT (5)g
should be understood as fT,T50 (q
2) = O(Λ2/m2b) then.
Moreover, it is possible to determine relations between some of the tensor form factors
at q2 = 0. Indeed, the two matrix elements used in Eq. (3.10) can be obtained from the
matrix element 〈Λ∗|s¯iσµνb|Λb〉 thanks to the identity σµνγ5 = iµνρσσρσ/2. The latter
matrix element can be parametrised in terms of six form factors given in Ref. [68], which
can be used to express all the form factors in Eq. (3.10). These relations yield in particular
the very simple relationships at q2 = 0
G2 = G
′
2, G1 = G
′
1 − 2mΛ∗G′2, (C.13)
leading to the following relations between the form factors in Eq. (3.10)
fT5⊥ (0) = f
T
⊥(0), f
T5
g (0) = f
T
g (0)
mΛb +mΛ∗
mΛb −mΛ∗
, (C.14)
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sΛb sΛ∗ H
V,A HT,T5 A,B
±1/2 ±1/2 1√
q2
√
q2 aC9` + bC10,` + cC7
±1/2 ∓1/2 1 1
√
q2
[
a′C9` + b′C10,` + c′ C7q2
]
±1/2 ±3/2 1 1
√
q2
[
a′′C9` + b′′C10,` + c′′ C7q2
] (C.16)
Table 2. Behaviour of the amplitudes for Λb → Λ∗(→ NK¯)`+`− in the q2 → 0 limit in the SM.
a, b are generic numbers coming from the kinematics and the form factors.
C.2 Branching ratio
The branching ratio for radiative decay Λb → Λ∗γ is proportional to
lim
q2→0
(q2
∑
X=A,B
|X|2), (C.15)
where the sum goes over the 12 transversity amplitudes in Eq. (3.20). If we consider
the transversity amplitudes of interest 5, we see that we have the behaviours given in
Tab. 2 for q2 → 0 in the SM. From Tab. 2, we can see that the only contributions to
the radiative decay comes from the. C7, C7′ operators for the transitions ±1/2 → ∓1/2
and ±1/2 → ±3/2, whereas the branching ratio Λb → Λ∗γ gets no contributions from
the transitions ±1/2 → ∓1/2. This situation is naturally reminescent of B → K∗γ [67]
that gets contributions from the amplitudes with transverse polarisations, but not from
longitudinal polarisation, as can be seen as the level of the transversity amplitudes (1/q2
pole in A⊥,|| but not in A0).
This pattern is in agreement with the general arguments developed in Refs. [41, 42]
for Λb → Λ∗(→ NK¯)γ. We can therefore link our results further with the expressions in
Ref. [41]. The latter are given with respect to an arbitrary quantisation axis, which we have
identified with the z-axis defined along the Λ∗ momentum in the Λb rest frame (meaning
θΛ = 0 and φΛ arbitrary, to be integrated over, in the notation of Ref. [41]) and for an
arbitrary Λb polarisation which we take PΛb = 0, leading to a decay rate proportional to:
2[|C1/2,1|2 + |C−1/2,−1|2] cos2 θΛ +
1
2
[3|C3/2,1|2 +3|C−3/2,−1|2 + |C1/2,1|2 + |C−1/2,−1|2] sin2 θΛ.
(C.17)
We can make contact with our expressions by integrating Eq. (4.1) over θ` and φ, leading
to a decay rate proportional to
(L1cc + 2L1ss) cos θ
2
Λ + (L2cc + 2L2ss + L3ss) sin θ
2
Λ, (C.18)
so that it appears that up to a common normalisation we have the identifications
|C1/2,1|2 + |C−1/2,−1|2 ↔|AL||0|2 + |AL⊥0|2 + |AL||1|2 + |AL⊥1|2 + (L↔ R),
|C3/2,1|2 + |C−3/2,−1|2 ↔|BL||1|2 + |BL⊥1|2 + (L↔ R),
(C.19)
5The vector/axial form factors are expected to have a finite limit at q2 = 0 with specific linear combi-
nations of fVt , fV⊥ and f
A
t , f
A
⊥ expected to vanish, as indicated in Sec. 3.
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in agreement with the definitions of A and B amplitudes that involve 3/2 and 1/2 Λ∗
polarisations respectively.
C.3 Matching of the form factors
A final comment is in order concerning the comparison of our formulae with Ref. [42].
There are three form factors contributing to ∗µMµ at q2 = 0. However the computation in
Ref. [42] involve only the values of two form factors at q2 = 0. Indeed, the computation
of the branching ratio amounts to summing over the physical polarisations, leading to the
computation of MµM∗µ. Since the three tensors involved in Mµ are all transverse with
respect to qµ, one can check that G1 and G2, but not G3, will contribute to the branching
ratio Λb → Λ∗γ. Comparing the expressions of the matrix elements 〈Λ∗|s¯σµνqνb|Λb〉 and
〈Λ∗|s¯σµνγ5qνb|Λb〉 in Eq. (3.10) and in Ref. [42] at q2 = 0, we obtain the relationships
i
f1
2mΛb
= −fT⊥(0)− fTg (0)
mΛb
(mΛb −mΛ∗)(m2Λb −m2Λ∗)
(C.20)
= −fT5⊥ (0)− fT5g (0)
mΛb
(mΛb +mΛ∗)(m
2
Λb
−m2Λ∗)
,
if2 = (mΛb +mΛ∗)f
T
⊥(0) + f
T
g (0)
mΛ∗
(mΛb −mΛ∗)2
(C.21)
= (mΛb +mΛ∗)f
T5
⊥ (0) + f
T5
g (0)
mΛ∗
m2Λb −m2Λ∗
which agree with the constraints in Eq. (C.14). We thus check that only two constants arise
for Λb → pK−γ, as proposed in Ref. [42]. The identification of f1, f2 with the values of
the tensor form factors actually yields further cross-checks with this reference in the SCET
limit. Using the relations in Eq. (4.12), we see that the contribution proportional to f˜T0 (0)
can then be neglected, leading to the relation f1 = −2f2mΛb/(mΛb+mΛ∗) given in Ref. [42].
As discussed in this reference, in the same SCET limit, the amplitudes C±3/2,±1/2 indeed
vanish, since they correspond to B⊥1 and B||1, proportional to fg and fTg .
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